The prompt γ-ray energy and multiplicity distributions in the spontaneous fission of 252 Cf have been measured using a highly granular 4π γ-ray calorimeter. Corrections were made for both energy and multiplicity distributions according to the detector response, which is simulated numerically using a model validated with the γ-ray calibration sources. A comparison of the total γ-ray energy distribution was made between the measurement and a simulation by random sampling of the corrected γ-ray energy and multiplicity distributions through the detector response. A reasonable agreement is achieved between the measurement and simulation, indicating weak correlations between γ-ray energy and multiplicity. Moreover, the increasing agreement with increasing multiplicity manifests the stochastic aspect of the prompt γ decay in spontaneous fission. This calorimeter was designed for the study of neutron capture reactions and an example is given, where the 238 Pu(n,γ) measurement was carried out in the laboratory environment for the first time.
Introduction
Understanding the fission process is important for the design of nuclear reactor and the safety of its operation. The prompt energy released in fission is derived from three components; namely, fission fragments and their prompt neutrons as well as γ decays. Significant amount of work has been carried out for the measurement and modeling of the mass and kinetic energy distributions of fission fragments 1 as well as the energy distribution and the average multiplicity of emitted neutrons.
2,3 However, there is only limited measurement and modeling for the γ-ray decay.
With the advance of modern highly granular 4π γ-ray detector arrays such as the Detector for Advanced Neutron Capture Experiments (DANCE) 4 at Los Alamos Neutron Science Center (LANSCE), the precision measurement of the prompt γ-ray multiplicity as well as energy distribution in fission becomes feasible. The unique features of DANCE such as the nearly γ-ray energy independence of the multiplicity response, make it possible, for the first time, to unfold the γ-ray multiplicity distribution in fission. This enables one to quantify the correlation between γ-ray energy and multiplicity and advance our understanding of the prompt γ-ray decay process in fission.
Such a study has been carried out for the spontaneous fission of 252 Cf. The prompt γ rays have been measured by the DANCE array in coincidence with the detection of fission fragments by a parallel-plate avalanche counter (PPAC). The prompt γ-ray energy and multiplicity distributions were derived in the off-line analysis and their unfoldings were performed using both Bayesian 5 and Singular Value Decomposition (SVD) 6 methods according to the detector response. The study of correlation between γ-ray energy and multiplicity was made by investigating the total γ-ray energy between the measurement and simulation by random sampling their unfolded distributions through the detector response. Details of this measurement and results are presented below.
Experiment
A 252 Cf source with a strength ∼0.15 µCi was prepared by stippling the material on a 3 µm thick titanium foil, which was then covered by the 1.4 µm thick aluminized mylar before being inserted into the PPAC, to serve as a cathode. Two anodes, made of the same thickness aluminized mylar, were placed on both sides of the cathode at a distance of 3 mm. The PPAC was operated with the isobutane gas pressure ∼4.00 torr stabilized by a feedback loop of constant gas flow. It has efficiency ∼82% for the detection of fission fragments with a bias of 375 V applied on anodes and provides a fast and clean fission trigger for the DANCE array to record the coincident γ rays from fission fragments with a time window ∼ 30 ns. Details of the design and fabrication for this PPAC is described in Ref.
with equal solid-angle coverage. It is designed to study the neutron-capture reactions on small quantities of radioactive and rare stable nuclei. The neutron-capture event is recognized by the measured total γ-ray energy and the summed photopeak is equivalent to the reaction Q value. Besides its use as a calorimeter for the study of the neutron-capture reaction, DANCE can be used for the precision measurement of the γ-ray energy and multiplicity distributions as well as the total γ-ray distribution in fission as long as the measurement is accompanied by a charged-particle detector, such as the PPAC mentioned above, for the fission-fragment detection.
The experiment was fielded at LANSCE over a period of five days. A total of ∼3×10 6 fission events were selected for the current study by placing a time window ∼10 ns on the coincident time spectrum between DANCE and PPAC, where a time resolution ∼2 ns is achieved. The pulse height and timing information for both DANCE and PPAC were derived from the recorded waveforms by the 500 MS/s, 300 MHz bandwidth Acqiris digitizers. The coincident γ-ray energy and multiplicity distributions were determined from the DANCE array for those fission events. To avoid the summing effect on the γ-ray energy distribution, the spectrum, shown in Fig. 1 , was obtained by requiring the γ ray detected by the BaF 2 crystal without any adjacent crystals being triggered. The sensitivity of DANCE for the γ-ray spectroscopy study is clearly demonstrated, where the strength of γ ray falling monotonously as a function of energy over a range of five decades until tapering off ∼8 MeV is observed.
The γ-ray energy and multiplicity response for the DANCE array has been studied extensively. 8, 9 A physical model of DANCE together with the surrounding material was created to study the response numerically and the validation was carried out by the comparison between the measurement and simulation using GEANT4
10 with three γ-ray calibration sources, 22 Na, 60 Co, and 88 Y. Many unique features of DANCE are identified, such as the detection efficiency, the peak-to-total ratio, and the multiplicity distribution are all nearly independent of γ-ray energy ranging from 150 keV up to 10 MeV. For instance, the detection efficiency varies between 84 to 88%, the peak-to-total is nearly constant ∼ 55%, and the average multiplicity differs no more than 6%.
11 Note that the values of γ-ray energy and multiplicity were derived by lumping together adjacent crystals if triggered. Introducing the physical model of PPAC into the simulation reduces the efficiency by 4% and 1% for the γ-ray energy of 200 keV and 1 MeV, respectively.
The neutron capture measurement for 238 Pu was carried out in NovDec, 2010, using the DANCE array. The isotopic enriched target (99.35%) was prepared at LLNL with the new electroplating cell capable of depositing the isotope simultaneously on both sides of the 3-µm thick Ti backing foil. A total mass of 395 µg with an activity of 6.8 mCi was deposited onto the area of 7 mm in diameter. The target was covered by 1.4 µm double-side aluminized mylar before inserted into a vacuum-tight container. The total beam-on-target time was about 14 days.
Results and discussion
As was mentioned earlier, the least known quantity for the prompt energy released in the fission process is the γ decay. The current work yields a precision measurement of the prompt γ-ray energy and multiplicity distributions for the spontaneous fission of 252 Cf, which allows to quantify the correlations between γ-ray energy and multiplicity. However, before such a study can be carried out, the unfolding procedure is needed to correct those measured distributions according to the detector response.
The relationship between the measured distribution M obs and the actual one M phys can be expressed as a matrix equation:
where R is the response matrix for a given detector system. In principle, one can derive the actual distribution from the measured one by inverting the response matrix, but in reality, this technique fails to produce sensible solutions in most cases. An extensive discussion on this subject and the techniques developed to achieve better solutions can be found in Ref. 12 In our current work, the unfolding of measured γ-ray energy and multiplicity distributions was carried out using both the Bayesian and SVD methods implemented in the standalone software package. 13 The results derived from both methods are essentially identical. More on the unfolding of measured energy and multiplicity by DANCE can be found in Ref.
14 The response matrix of DANCE for both γ-ray energy and multiplicity was simulated numerically using GEANT4 according to the model validated by the γ-ray calibration sources discussed earlier. For the energy response, the simulation is restricted by the same experimental condition, which requires the γ-ray detected by the BaF 2 crystal without any adjacent crystals being triggered. This reduces the average detection efficiency from 86% to 65% but the peak-to-total ratio remains the same ∼55%. The unfolded γ-ray energy distribution together with the measured one is shown in Fig. 1(a) and the comparison with the previous measurement 15 (b) is shown in Fig. 1 . The agreement is reasonable in general until ∼4 MeV where the current data drops steeper toward higher γ-ray energy.
For the multiplicity response, the matrix was created by the simulations weighted by the unfolded γ-energy distribution to minimize the residual ef-6 fect of the nearly energy independence. The unfolded γ-ray multiplicity distribution together with the measured one is shown in Fig. 2(a) and the comparison with the semi-empirical formulated distribution 16 is shown in Fig. 2(b) . The agreement is good in general even though the current data shifts toward higher γ-ray multiplicity. Note that it is the first time that the actual γ-ray multiplicity in the spontaneous fission is derived experimentally.
To quantify the correlations between the γ-ray energy and multiplicity for the prompt γ decay in spontaneous fission, a comparison of the total γ-ray energy was made between the measurement and a Monte Carlo simulation by random sampling of their unfolded distributions through the detector response of DANCE. The simulated total γ-ray energy distribution was obtained with one million samples selected according to the multiplicity distribution. A matching number of γ rays with the chosen multiplicity was selected according the energy distribution before going through the detector response. Comparison between the measurement and simulation is shown in Fig. 3(a) , where the agreement is reasonable, indicating weak correlations between the γ-ray energy and multiplicity.
More detailed study of their correlations was made by comparisons with the partition on the measured multiplicity, which shown in Fig. 3(b) ,(c),(d). The agreement in reproducing the average energy and variance is increasing with increasing multiplicity, which manifests the stochastic aspect of the prompt γ decay in spontaneous fission of 252 Cf. Obviously, the stochastic aspect can not account for all correlations without considering the details of nuclear structure of fission fragments. Nevertheless, this is an important finding to advance the modeling of the prompt γ decay in fission.
The relative yield of neutron capture cross section for 238 Pu as a function of neutron incident energy is shown in Fig. 4 . This spectrum was obtained by setting gates on the total energy E tot = 5.7 -6.5 MeV close to 5.646-MeV, the Q-value of 238 Pu(n, γ), and the multiplicity, M = 3 -4. This is to minimize the contribution from the non-negligible amount of daughter nucleus, 234 U, and fission. Background subtraction was made for the residual contribution of 234 U and the contribution from neutrons elastically scattered off the container Kapton windows, the backing foil, and 238 Pu itself. A complementary experiment equipped with a fission counter will be fielded to measure the fission contribution quantitatively to complete the final analysis of the neutron capture cross section for 238 Pu. 
Summary
The prompt γ-ray energy and multiplicity distributions in spontaneous fission of 252 Cf were measured using the DANCE array. Both distributions were unfolded using Bayesian and SVD methods and consistent results were obtained. A comparison of the total γ-ray energy distribution was made between the measurement and simulation by random sampling of both unfolded distributions through the detector response. A reasonable agreement between the measurement and simulation implies weak correlations between the γ-ray energy and multiplicity. The stochastic aspect is manifested by the increasing agreement with increasing multiplicity, which provides important physics for modeling the prompt γ decay in the fission process. This measurement will be extended to study the correlations between the γ-ray energy and multiplicity for the prompt γ decay in the neutron-induced fission. An example is given for the neutron capture measurement using the DANCE array, where the relative cross section for the 238 Pu(n,γ) reaction was derived. This reaction was measured for the first time in the laboratory environment. To complete the final determination of cross section, we need to subtract the fission contribution, which will be measured in an additional experiment equipped with a fission counter.
